The non-transcribed spacer (NTS) regions of the linear extrachromosomal palindromic rDNA from the ciliated protozoan Tetrahymena thermophila contain, in addition to sequences regulating transcription, the origin(s) of bidirectional replication as well as telomere associated sequences. These NTS regions function as autonomous replication sequences (ARS) in the yeast Saccharomyces cerevisiae (Kiss, G.B.. AmTn, A.A. and~Pearlman,"RlE".. Mol. Cell Biol. 1: 535-543, 1981). We have now identified in the 5' NTS two adjacent but non-overlapping restriction fragments which function as ARS in yeast. These fragments contain 200 bp of duplicated sequence and include the in vivo origin of rDNA replication. The ARS in the y NTS has been subdivided into a sequence which allows high frequency transformation of yeast but with transformants extremely unstable when grown either under selective or non-selective conditions, and a sequence which appears to be required for plasmid maintenance yet not to be essential for high frequency transformation. Detailed analysis of the DNA sequences in these regions gives rise to interesting information about structural and functional features of the molecule.
INTRODUCTION
The non-transcribed spacer (NTS) regions of the extrachromosomal palindromic rDNA from the macronucleus of the ciliated protozoan Tetrahymena thermophila contain sequences for a number of essential functions besides transcription and its regulation. For example, the 5' NTS contains the origin(s) of bidirectional replication of the molecule (1) while the 3' NTS contains telomere associated sequences which are important in the replication and maintenance of the linear rDNA molecule (2, 3) . Correctable with the replication function of NTSs are our earlier observations that restriction fragments from 5' and 3' NTS regions allow autonomous replication of plasmids in the yeast Saccharomyces cerevisiae (2. 4) . These rDNA fragments contain autonomous replication sequences (ARS) which, when present on a circular plasmid, are able to transform yeast at high frequency and are thus likely to function as origins of replication in yeast (5, 6, 7) .
In this paper, we describe additional properties of the ARS sequences in the NTS regions of T. thermophila rDNA. We also present a detailed analysis of the nucleotide sequences of these regions (2, 8) with particular attention focused on the replication origin and ARS functions.
MATERIALS AND METHODS

Plasmid vectors and strains
Plasmid pBR32Z (9) and pACYC184 (10) were used as cloning vehicles. Plasmid pTtrl which contains the central Hind III fragment of Tetrahymena thermophila rDNA (11) was obtained from P. Challoner (University of California, Berkeley). Escherichia coli used for transformation were JF1754 (hsdR, hsdM , lac, gal. met, leu B, his B) (5) and R80 (pyr 23::Tn 5, Kan r , leu, ura, thr, pro) obtained from G.S. Roeder (Yale University). Saccharomyces cerevisiae haploid strains LLZO (a leu 2-3, leu 2-112, his 3-11, his 3-15) (2) and S277 (a ura 3-52) obtained from G.S. Roeder (Yale University) were used for transformation. YEPD and YNB for growth of yeast cells under non-selective and selective conditions respectively were as described by Hinnen et al. (12) . Transformation and DNA isolation E. coli were transformed using frozen cells made competent with RbCl as described in Maniatis et al. (13) . Yeast were transformed using the spheroplast method of Hinnen et al. (12) or the LiCl procedure of Ito et al. (14) .
Plasmids were prepared from E. coli by the method of Birnboim and Doly (15) as modified by Ish-Horowicz and Burke (16) . Supercoiled plasmid DNA from E. coli was prepared according to Birnboim and Doly (15) followed by CsCl-EtBr density gradient centrifugation. DNA was isolated from yeast cells and used to transform E. coli aa described previously (2) . Hybridization to yeast DNA was done in situ on agarose gels (17) .
DNA was depurinated by acid treatment (18) prior to denaturation, renaturation and drying the gel. DNA manipulations Restriction endonucleases, T4 DNA ligase and other DNA modifying enzymes were purchased from New England Biolabs, Bethesda Research Laboratories and Boehringer Mannheim Canada Ltd. and were used according to the manufacturers' specifications. DNA fragments were electrophoresed through horizontal agarose slab gels or through 5% polyacrylamide vertical slab gels (acrylamide 29: bisacrylamide 1) in TEB (89 mM Tris, 89 mM boric acid, 20 mM EDTA., pH 8). Bacteriophage \ DNA digested with Hind III plus Bgl II and pBR322 DNA digested with Tag I or Hpa II were used as size standards. Gels were photographed under long wavelength ultraviolet light with a Polaroid camera and 667 film. DNA fragments were purified from acrylamide gels by electroelution (19) followed by ethanol precipitation. All other DNA manipulations were carried out according to procedures described in Maniatis et al. (13) . Computer assisted analysis of DNA sequence data was performed as described in the preceeding paper (8) .
RESULTS
Construction of rDNA recombinant plasmids
The central 3.65 kbp Hind III fragment from T. thermophila rDNA containing the 5 -NTS was isolated and purified from plasmid pTtrl. Restriction endonuclease cleavage sites used and clones obtained are shown in Fig. 1 . The Xba I sites in rDNA proved very useful for molecular cloning of fragments. The vector used was pACYC184 which has a single Xba I site approximately 340 bp upstream from the Hind HI site, outside the gene coding for tetracycline resistance.
Beginning near the center of the rDNA, the following recombinant plasmids were obtained: a 650 bp Tag I-Xba I fragment in the Cla I-Xba I sites of pACYC184 (Cm r Tc s -pRP174); a 440 bp Xba I-Xba I fragment in the Xba I site of pACYC184 Below is an expanded view of the 5 1 and 3' non-transcribed spacer regions showing the plasmids prepared for this study. Plasmid nomenclature is presented in Table I. ARS fragments previously identified (2) . Tetrahymena rDNA sequences in pRP171 -portion of the kanamycin resistance gene from pACYC177. T-Taq I; X -Xba I; H -Hind III; E -Eco RI; E* -Eco RI*. The terminal Hind HI fragment from T. thermophila rDNA containing most of the 3' NTS was subcloned from the Hind III insert isolated from plasmid pGY39 (2). This fragment contains approximately 660 bp of Tetrahymena rDNA including approximately 50 repeats of the telomere associated C. A« sequence as well as 160 bp from the kanamycin resistance gene of pACYC177 (2) . This fragment was digested with Eco RI under Eco RI* digestion conditions (20) . Despite the presence of numerous Eco RI* recognition sequences in the rDNA (2), only two fragments were obtained, even after extensive incubation with enzyme. This suggests that preferential cleavage occured at a single Eco RI* site. This site was mapped by DNA sequence analysis to a position 260 bp from the terminal Hind III site in rDNA towards the CJK^ repeats. The two Hind III -Eco RI* fragments were each ligated to the large Eco RI-Hind III fragment of pBR322. Selection was for Ap r Tc s clones. The plasmid carrying the 260 bp Hind III-Eco RI* fragment of rDNA was called pRP133 . An Eco RI recognition site was regenerated at the Eco RI -Eco Transformation with all plasmids except YRplO was of strain LL20 selecting for His + transformants. Transformation with YRplO was of strain S277 selecting for Ura + transformants. Presence of plasmid in transformed cells was assessed both by using total DNA from yeast transformants to transform J!. coli to antibotic resistance and by hybridizing total DNA from yeast transformants with a radioactive probe containing plasmid sequences. Mitotic stability of transformants growing in complete medium in the absence of selection was determined as previously described (2) . % cells containing plasmid was determined in an identical manner except cells growing exponentially under selective conditions were used.
RI* cloning junction in this plasmid. The other plasmid, whose insert began at the same Eco RI* site as pRP133 and which contained rDNA C.A~ sequences, was called pRP170 . The yeast HIS 3 gene was inserted into each of these plasmids at the unique Bam HI site. Plasmid nomenclature is presented in Table 1 .
Transformation of yeast
Supercoiled preparations of the rDNA-containing plasmids carrying the yeast HIS 3 gene were used to transform LL20 to a His + phenotype. Transformation frequency was used as an initial screen for the presence of sequences allowing autonomous replication of plasmids (ARS) in yeast ( Table 2) . High frequency transformation is indicative of extrachromosomal maintenance of plasmids, usually in high copy number, in yeast (5, 21, 22, 23, 24) . rDNA containing plasmids which transformed yeast at high frequency were pRP178, pRP102, pRP141 and pRP168. Plasmids pRP178 and pRP102/141 contain adjacent but non-overlapping restriction fragments from the 5' NTS of Tetrahymena rDNA ( Fig. 1 ) and include the origin of bidirectional replication in vivo (1, 25) . Orientation of rDNA inserts does not affect ARS function since both pRP102 and pRP141, which differ only in the orientation of the 440 bp Xba I rDNA fragment, transform yeast at the same high frequency. Consistent with the data in Table 2 , the 1400 bp central Xba I rDNA fragment allows high frequency transformation while the 1000 bp Xba I-Hind III fragment, which includes the 750 bp Xba I -Tag I fragment of pRP59, does not allow high frequency transformation (data not shown). Cells transformed at high frequency lose their selectable marker very rapidly when grown in the absence of selection (Table 2 ). These data illustrate that the Tetrahymena rDNA fragments in plasmids pRP178, pRP102/141 and pRP168 contain sequences which function as AR5 in yeast. Plasmids with restriction map identical to that of the plasmid used initially for transformation were isolated from yeast cells transformed at high frequency except for YeRP168. Hybridization of undigested total yeast DNA with a probe for plasmid sequences confirmed the presence of extrachromosomal plasmids in all yeast transformants which arose at high frequency except for YeRP168 (Table 2 ). In addition, the intensity of bands on the autoradiograms showed that the copy number of these plasmids in transformants was approximately the same as that of a plasmid containing the yeast chromosomal replicator AR5 1 in transformed cells (data not shown).
Cells transformed by plasmids at low frequency exhibit stability of the selectable marker in the presence or absence of selection (Table 2 ). This phenomenon is a result of integration of the plasmid into the yeast chromosome, as demonstrated by hybridization analysis of restriction enzyme digested as well as undigested genomic DNA. Furthermore, DNA isolated from these cells does not transform E. coli to antibiotic resistance (data not shown).
Although pRP168, which carries only 260 bp of the terminal Hind III fragment of rDNA, transforms yeast at high frequency and transformants are mitotically unstable in the absence of selection, the generation time of transformed cells is long and plasmid is lost very rapidly from cells even under selective conditions (Table 2 ). Unlike pRP168, pGY43, which contains the entire terminal Hind III rDNA fragment (2), functions similarly to, although less efficiently than, the other Tetrahymena AR5 plasmids (Table 2 ). These data suggest that there is a replication and/or segregation deficiency in pRP168 caused by the loss of sequences distal to the Eco RI* site. These sequences alone (pRP171) do not allow high frequency transformation of yeast, but when present adjacent to the 260 bp Hind III -Eco Rl* fragment, enhance plasmid retention in transformants.
We have analyzed in detail the nucleotide sequences of the replication origin and telomere regions of the 5' and 3' NTSs (2, 8) . A graphical analysis of the sequence data for the 5' NTS is shov/n in Fig. 2 . This figure presents a two dimensional matrix analysis (8) of the two ARS sequences. A diagonal line, the length of which reflects the length of homology between the two sequences, is printed everywhere that a perfect match is found. Interruptions in the diagonal (Table 1 ) o represents bp 720 in primary sequence (8) . All analyses required a minimum match of 4 bp. occur at mismatched positions. Comparison of the sequences of the two ARS containing restriction fragments (Fig. 2) shows that an approximately 220 bp sequence near the 3' ends of the fragments is highly conserved between the two regions. This conserved sequence includes bp 500-720 and 920-1140 (8) and is part of the longer sequence duplication in the 5' NTS of T. thermophila rDNA (8) . The sub domain of the type I and III repeats which is part of the long sequence duplication in T. thermophila is not, however, part of the 220 bp sequence common to the two ARS fragments. Two 11 bp sequences exactly homologous to the A A consensus sequence ( T TTTATPuTTT/p ) found in many yeast ARS elements (6, 26) are present in the 5' NTS. These sequences are separated by 55 bp and both occur within the center distal ARS fragment, 163 bp and 218 bp 3' to the center proximal Xba I site. These sequences lie within the region common to the two ARS fragments but the corresponding sequences in the center proximal ARS are not perfectly matched with the consensus sequence. A 20 bp region between the two perfect consensus sequences in the center distal ARS fragment is repeated twice in the center proximal ARS, 200 bp and 440 bp 5' to the center proximal Xba I site (Fig. 2) . Another sequence pattern common to the two ARS fragments is a stem- 
DISCUSSION
The 5' NTS of the extrachromosomal rDNA of T. thermophila contains sequences specifying the origin(s) of bidirectional replication of the linear palindromic molecule (1) as well as sequences involved in the initiation and regulation of transcription (8) . DNase hypersensitive sites are present in rDNA chromatin in this region and this has been interpreted as reflecting an altered, more open chromatin structure at the replication origin although it cannot be ruled out that these open regions are entry sites for transcription factors (25) . Two hypersensitive regions are present in T. thermophila (25) as predicted from the sequence duplication in this region (8) . The hypersensitive regions also include the cleavage sites for an endogenous SDS-dependent nuclease (27) . The sequences in the hypersensitive regions are also highly conserved between T. thermophila and J_. pyriformis (8, 25) suggesting the likelihood that similar functions are encoded in these regions.
We have now demonstrated that two adjacent but non-overlapping restriction fragments in the 5' NTS of T. thermophila rDNA are Ars + in yeast. These fragments contain the jn vivo replication origin and the DNase hypersensitive sites described above. These Tetrahymena ARS regions give rise to phenotypes in transformed cells very similar to those produced by the yeast chromosomal replicator ARS 1 ( Table 2 ). There are also sequence features in common between the Tetrahymena and yeast ARS fragments. An 11 bp consensus sequence has been suggested to be common to yeast ARS fragments (6, 26) . More recently, deletion analysis of yeast ARS regions suggests that 10 bp of the consensus sequence plus some flanking sequence is required for ARS function (28) . The presence of the consensus sequence appears however not necessarily predictive of ARS function. Broach et al. (6) have pointed out that the expressed mating type loci in yeast, MAT a and MAT a , both contain the consensus sequence but plasmids including these regions do not replicate autonomously in yeast. A specific sequence, even if common to all ARS may therefore not insure ARS function. Structural features which we do not as yet appreciate and/or transcriptional activity are two factors which are suggested to be important in the correlation between the functioning of yeast Chromosomal sequences as ARS and as origins of replication (6) . The center distal 5 1 NTS ARS contains two copies of the 11 bp consensus sequence. The center proximal region however does not contain the complete consensus sequence even though it does allow autonomous replication of plasmids in yeast. Two recently described human sequences with ARS function do not contain the complete 11 bp yeast consensus sequence (29) . A DNA fragment from the chloroplast of Chlamydomonas reinhardii, which contains two copies of the consensus sequence, allows autonomous replication of plasmids in Chlamydomonas and in yeast while three fragments not containing the consensus sequence allow autonomous replication in Chlamydomonas but not in yeast (30) . Common sequence elements are present in the two Tetrahymena 5' NTS ARS elements but the subdomain of Type I and HI repeats (8) is not present in both ARS fragments. ARS function does not appear correlated with the presence of the transcriptionally important repeat arrays (8) although this does not rule out the possibility of some interdependence of replication and transcription. Approximately 220 bp of homologous sequence is present in the two ARS fragments. Of this 220 bp, approximately 50 bp is present in the two nuclease hypersensitive sites described by Palen and Cech (25) . Within the 220 bp duplicated region are a number of short palindromic segments, the longest of which contains a 15 bp stem and a large, 88 bp loop. We do not know whether any of these features of the DNA sequence are essential in the replication origin but deletion analysis and in vitro replication experiments in progress should be useful in addressing this question.
Are there two potential replication origins in the 5' NTS of T. thermophiia? If two origins exist, it is likely that only one is chosen in any individual rDNA molecule. This possibility is still consistent with data previously presented (1) since the limited resolution of the electron microscopic localization would not allow one to distinguish two separate origins. If two origins do exist, the choice of origin may be random but once chosen, the size of the replication complex precludes initiation at the other potential origin. It is also possible that in Tetrahymena, one of the origins functions during rDNA amplification and the other during vegetative division. Alternatively, one origin may function during meiotic DNA replication and the other during vegetative growth. Both regions may be seen as ARS in mitotic yeast but could be differentiated in Tetrahymena. The 5' NTS of the amicronucleate species T. pyriformis contains only one copy of the sequence which is present in two copies in the 5 1 NTS of the micronucleate species T.
thermophila (8) . If two copies of the origin sequence are required to maintain vegetative and meiotic replication processes (including rDNA amplification), a deletion of one of these sequences in the germ line could have been important in the evolution of the amicronucleate species. Sequence analysis of rDNA from other Tetrahymena species will be important in testing this prediction. Sequence comparison between each of the two copies of the 5' NTS duplication from T. thermophila with the analogous single copy region in T. pyriformis (8) shows the center distal sequences from T. thermophila to be more closely related to the T. pyriformis sequences than the center proximal copy. This is consistent with the observations of Palen and Cech (25) who demonstrated that the micrococcal nuclease cleavage pattern of the hypersensitive region in T. pyriformis rDNA more closely resembles that of the center distal hypersensitive region in T. thermophila. The center distal nuclease hypersensitive and ARS regions in T. thermophila may therefore include the rDNA replication origin functional during vegetative growth.
The 3' NTS of T. thermophila rDNA contains telomere associated sequences important in the replication and maintenance of the linear extrachromosomal molecule. These sequences have been utilized in the construction of linear plasmids which replicate and are maintained autonomously in yeast (3) . These sequences function as ARS in yeast (2) but the stability of transformed cells is less than that for 5' NTS ARS regions (Table 2) . Furthermore, stability is not increased significantly by including yeast centromere sequences in plasmids containing the 3' NTS ARS (data not shown) suggesting that this region should be considered a weak ARS. The region does contain a complete 11 bp yeast consensus ARS sequence but no other extensive homologies with other Tetrahymena, yeast or human ARS sequences are found. The presence of ARS near yeast telomeres has been demonstrated by Chan and Tye (31) . It is likely that these sequences are important in the replication of the ends of linear chromosomes. Consistent with this, the Tetrahymena 3' NTS ARS can function during the resolution of a circular to a linear plasmid in yeast (32) .
Another interesting feature of the 3 1 NTS ARS is that it has been subdivided into two functional domains. A 260 bp fragment from the terminal rDNA Hind III site towards the hexanucleotide C.A~ repeats contains the 11 bp consensus ARS sequence and allows high frequency transformation of yeast. Transformants are, however, extremely unstable mitotically, both in the presence and absence of selection. The transformants which appear at high frequency are viable, presumably because cells have obtained many copies of the plasmid during the transformation event. Plasmid is lost so rapidly, however, that cells cannot be maintained under selective conditions. These transformants must be deficient in replication and/or segregation of the plasmid.
The adjoining 400 bp of Tetrahymena DNA (which includes approximately 50 C. A_ repeats) does not allow high frequency transformation of yeast but does alleviate the replication/segregation defect when covalently joined to adjacent rDNA sequences. This bipartite structure of the Tetrahymena 3' NTS ARS is analogous to the situation with ARS1. There, one domain allows high frequency transformation with only limited autonomous replication while the second domain facilitates replication of the first domain (26) . In both the terminal 3' NTS ARS and ARS1, the 11 bp consensus sequence is in the domain allowing high frequency transformation. A similar domain structure has recently been described for two ARS regions isolated from human DNA (29) .
ARS and replication origin function are highly correlated in Tetrahymena and in other systems (5, 6, 7), yet there is a great deal of sequence diversity among various ARSs. This may reflect functional differences jn situ such as temporal or mitotic versus meiotic activation of replication origins or perhaps different ARS regions have structural rather than sequence elements in common. Our lack of knowledge regarding sequence dependent structural information makes this difficult to assess. In this regard, it is of interest that all of the Tetrahymena ARS fragments exhibit extremely anomalous mobilities on polyacrylamide gel electrophoresis (Amin and Pearlman. unpublished observations) suggesting the possibility of sequence specific bending (33) in these regions with possible functional implications. present at bp 189 and bp 297 is a C rather than the T designated previously. The revised sequence can be obtained from the authors on request.
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